The mechanisms involved in the uptakt-of uni-and multi-lamellar lipid vesicles by BALB Recent work in this (1-3) and other laboratories (4-7) has shown that mammalian cells cultured in vitro can incorporate large numbers of lipid vesicles, so-called liposomes, without significant cytotoxicity. Since a variety of water-soluble materials can be trapped inside vesicles (3-8) and various glycolipids and glycoproteins inserted into the vesicle wall (3, 8), uptake of vesicles of defined composition by cells offers a potential method for modifying cellular composition and for introducing nonpermeable, biologically active molecules into cells. The use of vesicles as "carriers" to enhance incorporation of cyclic nucleotides (1, 2), enzymes (3, 6), sugars (3, 4), and anti-tumor drugs (3, 4) into cultured cells has already been demonstrated. In this communication we present data that suggest that vesicles enter cells both by fusion with the plasma membrane and by endocytosis. Our results indicate that the physical state of lipids in the vesicle is of major importance in determining which of these two uptake pathways predominates. Lipids and Preparation of Vesicles. Cholesterol, palmitic, and stearic acids were purchased from Fluka A. G. (Buchs, Switzerland). Phosphatidylcholine (PC) and phosphatidylserine (PS) were purified from egg yolk and bovine brain, respectively, as described previously (9). Distearylphosphatidylcholine (DSPC) and DPPC were synthesized as reported elsewhere (9). All lipids were finally purified on silicic acid columns, shown to be pure by thin layer chromatography, and stored (approximately 10 jimol/ml) in sealed ampoules under nitrogen at -50' until use.
".solid" phospholi ids (phosphatidylserine/distearylphos hatidylcholine/dipalitoylphosphatidylcholine) are instea incorporated largely by endocytosis. Uptake of the latter classes of vesicle is reduced (80-90% inhibition) by inhibitors of cellular energy metabolism and by cytochalasin B. Uptake of negatively charged fluid vesicles is reduced by only 30-40% after similar treatments. Prefixation of cells with glutaraldehyde inhibits endocytosis and uptake of neutral and negatively charged solid vesicles, but does not inhibit uptake of fluid charged vesicles. Prefixation of cells with osmium tetroxide prevents uptake of all classes of vesicles. Similar results are obtained with both uni-and multi-lamellar vesicles of the same composition, indicating that vesicle com osition rather than size is more important in determining tile pathway of uptake into cells. The different pathways involved in vesicle uptake are discussed in relation to the development of possible methods for targeting vesicles to specific intracellular sites.
Recent work in this (1) (2) (3) and other laboratories (4) (5) (6) (7) has shown that mammalian cells cultured in vitro can incorporate large numbers of lipid vesicles, so-called liposomes, without significant cytotoxicity. Since a variety of water-soluble materials can be trapped inside vesicles (3) (4) (5) (6) (7) (8) and various glycolipids and glycoproteins inserted into the vesicle wall (3, 8) , uptake of vesicles of defined composition by cells offers a potential method for modifying cellular composition and for introducing nonpermeable, biologically active molecules into cells. The use of vesicles as "carriers" to enhance incorporation of cyclic nucleotides (1, 2) , enzymes (3, 6) , sugars (3, 4) , and anti-tumor drugs (3, 4) into cultured cells has already been demonstrated. In this communication we present data that suggest that vesicles enter cells both by fusion with the plasma membrane and by endocytosis. Our results indicate that the physical state of lipids in the vesicle is of major importance in determining which of these two uptake pathways predominates. (1, 2) .
MATERIALS AND METHODS
Lipids and Preparation of Vesicles. Cholesterol, palmitic, and stearic acids were purchased from Fluka A. G. (Buchs, Switzerland). Phosphatidylcholine (PC) and phosphatidylserine (PS) were purified from egg yolk and bovine brain, respectively, as described previously (9) . Distearylphosphatidylcholine (DSPC) and DPPC were synthesized as reported elsewhere (9) . All lipids were finally purified on silicic acid columns, shown to be pure by thin layer chromatography, and stored (approximately 10 jimol/ml) in sealed ampoules under nitrogen at -50' until use.
[3H]DPPC (specific activity 4 Ci/mmol) was prepared from dipalmitoyleylphosphatidylcholine by catalytic hydrogenation (10) and was mixed with the lipids in chloroform (1, 2) . Multilamellar vesicles (MLV) were prepared by the method of Bangham et al. (11) , and small unilamellar vesicles (SUV) by sonication of MLV preparations (12) . MLV and SUV were dispersed in phosphate-buffered saline without Ca2+ and Mg2 , pH 7.4, at a concentration of 2 ,gmol/ml. Lipid concentrations were determined by phosphate analysis (10) . Fluid vesicles with a net negative surface charge (hereafter called fluid charged vesicles) were prepared from a mixture of PS and PC (1:9 mol). Neutral fluid vesicles were prepared from PC alone. Lipids for both classes of vesicles were dispersed in phosphate-buffered saline and sonicated (SUV only) at 250. Differential scanning calorimetry (10) revealed that the vesicles had a gel-to-liquid crystalline transition temperature (TJ) (mid-point) at -10°. Negatively charged solid vesicles ("solid charged") were prepared from PS, DPPC, and DSPC (1:4.5:4.5 mol) and suspended and sonicated (SUV only) at 50°. Calorimetry revealed the T, (midpoint) to be 430 for SUV and 470 for MLV (Fig. 1 ). These vesicles are therefore "fluid" (above TJ) during preparation at 500. During incubation with cells at 370 the majority of lipid (82% for SUV and 99% for MLV; see Fig. 1 ) in these vesicles is "solid" (below TJ). Vesicle populations were centrifuged at 100,000 X g for 1 hr at 25°, and the sonicated SUV population was harvested from the supernatant. Electron microscopy (13) (2, 3) . This therefore excludes the possibility of exchange diffusion of lipid molecules between vesicles and cell membranes. Furthermore, the demonstration that biologically active materials trapped within vesicles can be recovered from within cells (1) (2) (3) (4) (5) (6) and produce highly specific change in cell metabolism and behavior (1) (2) (3) (4) (33) , thus excluding the possibility that CB might influence vesicle uptake by altering the physical state of lipids within the vesicle membrane. The microtubule disruptive drugs, colchicine and vinblastine, had no effect on the uptake of any class of vesicle (results not shown).
Effect of Metabolic Inhibitors on Vesicle Uptake. Phagocytosis and macropinocytosis are impaired by inhibitors of cellular energy metabolism (see refs. 18 and 19) . The effect of inhibitors of glycolysis (deoxyglucose, iodoacetate, and sodium fluoride) and respiration (sodium azide) on the uptake of MLV and SUV by 3T3 cells is shown in Table 3 . The results indicate that when used singly these inhibitors produced only limited reduction in the uptake of both vesicles (Table 3 ) and free radiolabeled sucrose (Table 1) . However, when cells were pretreated with a combination of inhibitors of both glycolysis and respiration, endocytosis was effectively inhibited, as shown by the complete inhibition of cellular uptake of [14C]sucrose (Table 1) . Under similar conditions, uptake of solid charged vesicles and fluid neutral vesicles was also markedly reduced (Table 3 ), but uptake of fluid charged vesicles was inhibited by only 30-40% (Table 3) . These results correspond closely to the pattern and extent of inhibition of uptake of the different classes of vesicles caused by CB, as reported above, and support the above conclusion concerning endocytosis versus fusion.
The above experiments, and those with CB, do not immediately exclude the role of micropinocytosis in vesicle uptake. However, we consider it unlikely that micropinocytosis makes any significant contribution to vesicle uptake. The very small size of micropinocytotic vesicles (14) would probably be inadequate for uptake of intact SUV and would cer- (Tables  2 and 3 ). Finally, the observation that the uptake of free ['4Gjsucrose into cells is also blocked by CB and double metabolic inhibitors ( Table 1 ) would suggest that the micropinocytotic pathway makes little or no contribution to the uptake of fluid phase material by 3T3 cells under the present conditions.
Effect of Temperature on Vesicle Uptake. The uptake of MLV and SUV of differing composition by 3T3 cells at various incubation temperatures is shown in Fig. 3 . The results indicate that vesicle uptake is a temperature-sensitive phenomenon, though the kinetics differ for vesicles of different composition. Uptake of fluid charged vesicles displays a marked change in slope at [16] [17] [18] ', but a similar transition is not observed with fluid neutral vesicles or solid charged vesicles. These differences offer some insight into the possible cellular mechanisms involved in vesicle uptake, since previous studies have shown that processes involving membrane fusion display a distinct temperature transition at 18° ( 20) data in Fig. 3 as consistent with the conclusion reached above.
Uptake of Vesicles by Fixed Cells. Pagano Table 4 as consistent with our conclusion that charged fluid vesicles are able to fuse with the plasma membranes. The previously reported ability of Sendai virus to fuse cells after light glutaraldehyde fixation (25) (22) and unable to fuse with other vesicles (10, 26) . In contrast, fluid charged vesicles not only induce substantial cell fusion (22, 27) , but can also undergo rapid and extensive fusion with other vesicles (10) . Ultrastructural evidence for fusion of fluid charged SUV (27) and MLV (2) The present results suggest that by manipulating the lipid composition of vesicles it may be possible to achieve some degree of "targeting" of vesicles and their contents to specific regions of the cell. Vesicles that enter cells by endocytosis would be directed into the lysosomal apparatus, with subsequent breakdown and release of vesicle contents. The limited permeability of the lysosomal membrane to materials with molecular weights greater than 230 (31) would determine the possibility of released materials diffusing out to other intracellular sites. In contrast, uptake of vesicles by fusion with the plasma membrane would not only release the vesicle contents directly into the cytoplasm, but might also provide a possible technique for modifying the composition of the plasma membrane. Finally, the recent development of large unilamellar vesicles (13) should make possible the incorporation of large proteins, nucleic acids, etc. that are too large to be entrapped in the present conventional classes MLV and SUV.
